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ABSTRACT

The race-specific resistance gene Pi-te has been effectively used to conwol blast disease, one of the most
destruzctive plant. discases worldwide. A single amino acid change at the 918 position of the Pi-ta protein
was known 1o determine resistance specificity. To understand the evolutionary dynamics present, we ex-
amined sequences of the Pi-talocus and its flanking regions in 139 accessions composed of seven AA genome
Oryzaspecies; O. sativa, Q. rufipogon, O. nivara, O, meridionalis, Q. glaberrima, €). barthii, and €, g[mnrwpamla. A
3364-bp fragment encoding a predicted transposon was found in the proximity of the Pita promoter region
associated with the resistance phenotype. Haplotype neiwork analysis with 33 newly identified Pita
haplotypes and 18 newly identified Pida protein variants demonstrated the evolutionary relationships of
Pi-tahaplotypes between 0. sativaand O. rufipogon. In O. rufipogon, the recent directional selection was found
in the Pi-taregion, while significant deviaiion from neutral evolution was not found in all 0. sativa groups.
Results of sequence variation in flanking regions around Pitein O. sativasuggest that the size of the resistant
Pi-taintrogressed block was atleast. 5.4 Mb in all elite resistant cultivars but not in the cultivars without. Pi-fa,
These findings demonstrate that the Pi-taregion with transposon and additioual plant modifiers has evolved
under an extensive selcction pressure during crop breeding.

LANT resistance (R) genes have evolved 1o fight
againsta wide range of pathogens in a race-specific
manner where a particular Rgene in a plant recognizes
the corresponding avirulence (AVR) gene in a patho-
gen race (FLor 1971). Thus far, a number of R genes
have been identified and characterized from diverse
plant species. Most characterized R genes to date
encode putative protcins with nucleotide binding sites
(NBS} and leucinerich repeats (LRR) (Hurriwr ef al,
2001). Most R genes are highly polymorphic and di-
versified, which is consistent with the ability to interact
with diverse random molecules ¢ncoded by diverse
pathogen AVR genes (MEYERS ef al. 2003; BARKER ¢t al.
2006; SHEN e al. 2006).

Blast disease, caused by the filamentous ascomycete
Magnaporthe oryzae B.C. Couch [formerly M. grisea (T. T.
Hebert) M. E. Barr] (Rossman ef al. 1990; CoucH and
Konn 2002), has been one of the major constraints to
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stable crop production. Currently, Oryza sativa and M.
oryzae have been an excellent model pathosystem for
uncovering the molecular cocevolution mechanisms of
host-pathogen (VALENT et al. 199]; TaLeoT 2003). At
least 80 race-specific R g'en(:s that confer resistance to
specific pathogen races have been described in rice
germplasm (BALuing ef al. 2008). Eleven blast R genes
{Pi-ta, Pib, Pi2/Pizt, Pi3, Pi8. Pi2], Pi36, Pi37, Pi-d2, Pikm,
and Pit) have been cloned, and most of them, except
Pi2l and Pi-d2, were also predicted to encode receptor
proteins with NBS (CHEN ¢ al 2006; Fukuoka e al,
2009; ia e al 2009b). In most cases, blast R genes are
members of small gene families with a single family
member required for resistance. Pikm and PiJ are ex-
ceptions that require two members of the same gene
family for Piknr and Pi5mediated resistance, respec-
tively (ASHIRAWA ef al. 2008; LEE ot el 2009). Recently, a
retrotransposon was predicled to be involved in the Pit
resistance (HavasH) and Yosmina 2009),

The evolurionary dynamics and mechanisms of re-
sistance mediated by Pi+4 is one of the beststudied A
genes. Pi-ta has been effectively deployed in the United
States and around the globe for controlling blast disease
(Brvan et al. 2000; Jia et al. 2000; J1a 2003; Jia et al.
2004a,b; HUANG et al. 2008:J1a and MARTIN 2008; WaNG
et al. 2008; Jia ef ol 2009a). Pita cncodes a predicted
cyloplasmic protein with a centrally located NBS and
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a highly interrupted LRR domain (referred to as the
LRD) at the carboxyl terminus that recognizes the
Correspondmg avirulence gene AVR-Pita, triggering
race-specific resistance. A single aming acid substitu-
tion, serine (Ser) to alanine (Ala) at the position of 918,
in the LRD of the Pi-ta protein was demonstrated
to determine the direct interaction with AVR-Pita and
the resistance specificity to blast pathogen M. oryazae
(Bryan et al. 2000; J1a ef el 2000). The resistant Fi-ta
allele (Ala-918) was found in Q. sative and its ancestor
O. rufipogon (J1a et al. 2004b; HuaNG et al. 2008). Surveys
of Pita nucleotide sequences with limited accessions of
Oryza species have revealed that the degree of nucleo-
tide diversity is higher at the intron of the Pidagene (Jia
el al. 2008; HuaNG ef al. 2008; WANG ef al. 2008; YosH1DA
and MivasuiTa 2009), Huawc ef al (2008) further
suggested that a selective sweep occurred recently at the
Pita gene in O. rufipogon, but the extent of selection
around the Pi-ta genomic region has not been demon-
strated in either O. rufipogon or 0. sativa.

Knowledge of the historical introduction of the Fiia
gene can help to understand the extent of selection at the
Pitalocus. The landraces Tadukan and Tetep, containing
Pita and other blast R genes in chromosome 12, have
been used as breeding parents for preventing blast
disease worldwide. Tadukan was confirmed to be the Pi-
ta donor for various Asian japoenica cultivars (RyBka et al
1997} whereas Tetep was the Pifa donor for the U. S
cultivars (Gravols ef af. 1995; MOLDENHAUER ef al. 1998;
McCLUNG et al. 1999; GIBEONS et al. 2006; MOLDENHAUER
el al. 2007). Recently, the large introgressed chromosomal
segments surrounding the Pida locus were identified in
backecross. BG; progenies and elite rice cultvars (Jia
2009). This suggests that the broad spectrum of the Pi-ta
resistance in the United States may include the effects of
other loci in the Pi4aregion, inherited as a “superlocus.”
Toward this end, Pir(t), a nuclear gene that is required for
the Pi-tamediated resistance, was also mapped at the Pi-a
region (Jia and MarTin 2008) . Further determination of
DNA sequences around the Pite gene should help:to
determine the minimal genomic region that is essential
for Pi-tamediated resistance.

'The two: cultivated rice species, O. sativa and O
glaberrima, belong to the AA genome of Oryza species.
O. rufipogon and O. nivera are wild progenitors of the
Asian rice 0. sativa, whereas O. barthii is a wild progeni-
tor of the African cultivated rice Q. glaberrima (LINARES
2002; YaMANAKA el al. 2003; LoNDO e al. 2006). The
comparison of Rgene diversity between cultivated rice
and its wild ancestors is important to understand the
selection effects of crop domestication and breeding,.

The objectives of this study were (1) to characterize
distributions of the Pi-fz allele in Q. sativa and to detcct
the potential® presence/absence of polymorphism(s)
associated with the resistance phenotype; (2) to exam-
ine the molecular evolution and patterns of selection in
the Pi-tagencin O. sativaand O. rufipogon; (3) to analyze

molecular diversity around the Pitalocus in AA genome
Oryza species; and (4) to understand the pattern and
extent of selection for Pi-ta-mediated resistance in Oryza
species during crop domestication.

MATERIALS AND METHODS

Plant materials and DNA preparation: A total of 159 geo-
graphically diverse accessions of O. sativa, O. rufipegon, and five
other closely related AA genone Oryza specics werce selected
for this study. These included 43 Asian landraces, 18 U. S.
domesticated cultivars, and 58 U. S.weedy rice strains in O.
sativa, 28 geographically diverse accessions of O. rufipogon; 4
accessions of O. glaberrima; and 2 accessions each of (. nivara,
0. borthii, Q. meridionalis, and O. glhunaespatuls (Table 51). UL 8.
cultivars and weedy rice seeds were obtained from the USDA-
ARS Dale Bumpers National Rice Research Center, and
all Asian landrace accessions consisting of 15 indica, 7 aus,
3 aromatic, 12 tropical japonica, and 4 temperate japonica were
obtained from Susan McCouch at. Comnell University and the
Internavonal Rice Research Institute. Plants were grown in
greenhouses at Washington University and the University of
Massachusetts. DNA extracted from 2- to $week-old seedlings
was diluted to 2 ng/ul for further analysis.

Primer design and DNA sequencing: Primer pairs were
designed using the Primer3 program {Rozen and SKALETSKY
2000) to amplify overlapping frigments (~700 bp cach) for Pi-
ta, including 5" upstream, 3’ downstream, and a coding region
with an intron (Table §2). All primers were verified by BLAST
against both 9311 (indica) and Nipponbare (juponica) ge-
nome sequences. Primers were also designed to amplify 400-10
700-bp fragmenis of six tlanking genes in the regions from
9.6 10 11.6 Mb on chromosome 12, The six flanking loci
around the Pita gene were LOC_OS512G16690 (9.6 Mb),
LOC_0S12G17080 (9.8 Mb), and LOC_0OS12G17830 (10.2 Mb)
and LOGC_0OS12G1869¢ (10.8 Mb), LOGC_0S12G19290
(11.2 Mb), d4nd LOC_OS12G20260 (11.8 Mb) (hup:/rice.
plantbiology.msu.edu/). For 11 resistant cultivars carrying
FPita (Tadukan, Tetep, Te Qing, Yashiro-mochi, Pi4, Reiho,
TR64, Katy, Banks, Drew, and Muadison), fragments from six
additional flanking loci were sequenced: LOC_0S812G12370
(6.8 Mb), LOG_0S812G13570 (7.6 Mb), LOC_0OS812G14330
(8.2 Mb), LOC_0812G22360 (12.6 Mb), LOC_0812(24020
(13.7 Mb), and LOC_0OS12G25630 (14.8 Mb} (http:/rice.
plantbiology.msu.edu/) (Figure 1).

Sequence data analysis: All DNA sequences from Pita and
12 flanking genes were aligned using Vector NTT 10 (Invi-
trogen) and MEGA 4 (Tamura & el 2007). The genomic
sequence from Nipponbare, a temperate japonice cultivar, was
included as the reference sequence (http:/rice.planihiology.
msu.edu/). Additional sequences of the Pita gene of 50 ac-
cessions of O. rufipagen, 3 accessions of O. nivara, 2 accessions
of O, meridionalis, 6 accessions of 0. glaberrima, and 6 accessions
of . barthitwere obtained from the GenBank databasc (Table
51), yielding a total of 226 accessions. For the scquence
analysis, accessions of temperate japonicn, tropical japonica, and
aromatics collectively formed the japonica subspecies, and aus
and indica together formed the indica subspecnes Nucleotide
polymorphisms at and around the Pi-ta region were analyzed
using the software DnaSP 4.9 (Rozas et al. 2003). The level of
nucleotide diversity at silent sites (Tgen) and the population
muiation parameter 8, (Watterson estimator) of Pita and
the fanking gene fragments were estimmated for each group of
0. satéva and compared with that of other Oryza species.
Avcrage rates of nonsynonymous (K.} and synonymous ()
substitutions were calculated to examine selections at the Pita
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FiGURE 1.—Patterns of DNA sequence variation at and around the Pi-ta locus in the AA genome of Oryza species. (A) Sliding-
window analysis of the Pi-fa locus in 159 accessions (top). The gene structure of Pi-ta is shown at the bottom. (B) Sliding-window
analysis at the Pi-ta coding region (top). The structure of the Pi-ta coding region is shown at the bottom. Values were assigned to
the nucleotide at the midpoint of 5 bp for A and 25 bp for B, respectively. The parameter of difference per site (y-axis) is plotted
against the nucleotide position (xaxis). Each line indicates synonymous (red) or nonsynonymous variation (blue). (C) Graphic
presentation of the genomic region of the Pi-fa locus and 12 flanking loci. Sequenced fragments and physical locations on the
chromosome are indicated, and the names of loci are represented as A-L. A: outer envelope protein (LOC_0OS12G12370); B: Myb-
like protein (LOC_0S12G13570); C: NBS-LRR disease resistance protein (LOC_OS12G14330); D: ubiquitin—protein ligase/zinc
ion-binding protein (LOC_OS12G16690); E: pentatricopeptide repeat-containing protein (LOC_OSI2G17080); F: unknown
(LOC_OS12G17830); G: unknown (LOC_OS12G18690); H: serine/threonine-protein kinase (LOC_0S12G19290); I: unknown
(LOC_0OS12G20260); J: unknown (LOC_0S12G22360); K: senescence-associated protein DIN1 (LOC_0S12G24020); L: sulfite
oxidase (LOC_0OS12G25630).

coding region in all accessions of O. sativa and O. rufipogon. 5'-UTR, and 3"-UTR regions of Pita in 159 accessions
Joint analyses of interspecific corqparisons l‘lsing 0. bt.zrthii (Figure 1A). Insertions and deletions (indels) ranging
as an outgroup species were used for estimating the ratio of from 10 to 540 bp in the noncoding regions were

K./K, and for determining deviations from neutral evolution e . :
(Akasur 1999). Sliding-window analysis was performed to distinguished among the Pita haplotypes. A 242-bp

examine nucleotide polymorphism across the Pita gene in deletion in an intron of Pita was found only in O.
all Oryza species. Statistical tests of neutrality such as Tajima’s glaberrima, O. barthii, and O. glumaepatula. Within the
D, Fu and Li’s * and F* and Fay and Wu’s normalized H were coding region, levels of nucleotide and amino acid

calculated to examine the selection present at and around
Pi-ta. Extended haplotype homozygosity (EHH) (SABETI et al.
2002) was calculated to visualize the effect of selection on the

polymorphism were substantially higher in the first
exon. Comparisons of amino acid mutations among

alleles containing Ala-918 or Ser-918. A haplotype network was partitions of the coding region showed that nonsynon-
also constructed for comparisons of genealogical relationships ymous were more common than synonymous changes
among Pi-ta haplotypes using TCS 1.21 (CLEMENT el al. 2000). in the NBS region (Figure 1B). Nucleotide diversity

in O. sativa was lower than that in O. rufipogon. A total
of 175 polymorphic sites, excluding indels, were found
in the coding region, including an intron; of these

Nucleotide diversity at the Pi-ta region: High levels polymorphic sites, 29 occurred in O. sativa, 121 in
of nucleotide variation were observed in the intron, O. rufipogon, and 25 in other Oryza species. Average

RESULTS
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TABLE 1

Molecular evolutionary parameters of the Pita gene in Oryza species analyzed in this study

Species Sample no. Nucleotide Tilent D D* F* H,

0. sativa 55 4250 0.00206 0.00287 1.86790 0.43956 0.92805 0.16426
0. saliva indica 23 4250 0.00235 0.00257 —0.02930 —0.18210 —0.15867 —0.29793
0. sativa japonica a2 4250 0.00143  0.00230 1.63577 1.25707 1.62162 0.41988
0. sativa japonica Asian cultivar 16 4250 0.00174 0.00244  0.78421 0.47668 0.64840 0.01420
O. sativa japonica U. S. cultivar 16 4250 0.00174 0.00226 1.41409 1.53348%* 1.72883* 0.64640
O. rufipogon 91 3988 0.00888 0.00522 —2.14289* —2.09795 —2.54113*% —3.65945
0. nivara 5 4003 0.01520 0.01322 —1.06420 —1.06420 —1.15683  —3.39370
0. glaberrima 10 4002 0.00966 0.01366 1.88503 1.03161 1.41069 0.19870
O. barthii 9 4002 0.01066 0.01336 1.21069 1.07971 1.24886 —1.63819

0., Watterson’s nucleotide diversity estimator (1975) based on silent site; m, Nei’s nucleotide diversity (1987) based on silent site;
D, Tajima’s D statistics (1989) based on the differences between the number of segregating sites and the average number of nu-
cleotide differences; * and /% the neutral test proposed by Fu and L1 (1993); and H,,, normalized Fay and Wu's I test statistics.

Statistical significance: **P << 0.02 and *P < 0.05.

pairwise nucleotide diversity (Tgen) and silent Watter-
son’s nucleotide diversity estimator (0,,) over the Pi-la
gene was lowest in 0. sativa (Tgen, = 0.00292, 0, =
0.00180) compared to other Oryza species, including
O. rufipogon (Tgjen, = 0.00522-0.01366, 6,, = 0.00888-
0.01520) (Table 1). The levels of diversity in African
cultivated rice O. glaberrima and its wild progenitor
O. barthii were similar to O. rufipogon and O. nivara
(Table 1). Analyses for O. glumaepatula and O. meridio-
nalis were not included because of sample limitation.
A total of 53 Pi-ta haplotypes were identified (Table
S3) from seven AA genome Oryza species, including
the previously reported 20 haplotypes (HUANG el al.
2008; WANG et al. 2008; YosHIDA and MivasHITA 2009).
Among them, 32 Pi-ta haplogroups were identified

@ 0. barthii, 0. giaberrima

() 0. rufipogen
@ 0. sativajaponica (0) O. nivara

@ o. sativa indica

@ oO.sativaredrice @ O. meridionalis
@ o0.sativaaromatic @ O. glamaepatula

from different Oryza species in the haplotype network,
suggesting that the diversification of Pi-ta haplotypes
occurred before the divergence of these Oryza species
(Figure 2). Nineteen haplotypes were from O. sativa
and 25 haplotypes were from O. rufipogon (Table S3).
A total of 26 Pi-ta variants from PT1 to PT26 were
identified on the basis of the amino acid sequence of the
Pi-ta protein in Oryza species (Table 2); these include
8 Pi-ta variants previously identified (WANG et al. 2008).
Five Pi-ta variants—PT1, PT2, PT3, PT4, and PT20—
were the most prevalent type of the variants in O. sativa
(Figure 2 and Table S1). PT1 containing the functional
amino acid alanine at 918 was found only in accessions
of O. sativa and O. rufipogon. PT22, PT23, PT24, PT25,
and PT26, were the major types of Pi-ta variants found in

Ficure 2.—A haplotype
network based on nucleotide
polymorphisms of the Piia
coding region of 226 acces-
sions of seven AA genome
Oryza species: O. sativa, O.
rufipogon, O. nivara, O. meri-
dionallis, O. glaberrima, O. bar-
thii, and O. glumaepatula.
Each group of haplotypes is
shown as a solid circle, and
seven major haplotypes are
marked in larger circles.
The Pita variants are in pa-
rentheses. Each branch rep-
resents a single mutational
step. Branches with small
solid circles indicate that
there is more than a single
mutational step between hap-
lotypes. A number next to a
branch represents the length
of the mutational steps. Dif-
ferent sizes of circles repre-
sent the different numbers
of each haplotype.
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Description of Pi-ta variants based on a 928-amino-acid sequence in 159 accessions of seven Oryza species: O. sativa,
O. rufipogon, O. nivara, O. meridionalis, O. glumaepatula, O. barthii, and O. glaberrima

Amino acid position

Pi-ta < 00 1100 50 e (D0 O T O U1 B 4 01D e O 1o D F D < D O D s o 6O

variant SRR AN NS g N NN RARARR YL RCIGoRRIEXRE S Dis. Oryza specics

PTI LPYPTARTSGLRHHGTEDQKIPRVHMHIKADLLATRRDLHFPA R O.sativa and O. rufipogon

22 12 T S S 0. sativa, O. rufipogon, O. nivara,
. O. glaberrima

2 1 S T T S R O. sativa, O. rufipogon, O. nivara,

PTA  S......... S e e s s O. meridionales, O. glaberrima,

PTS L e e e e e s s O. barthii

PT6  S....... A e e e e e S -

PT70 S.eeeeiioon.. Fovienesooeaonseonononoenessansas S S

PT8 S e B O S -

PT9 S e e e e e Voo e S S

PT10 S it e it i i it i e i e e e i e e e G........ S -

PTI1 SV i e e e e e e e e e G...vvn S -

PT12 S i e et e e e e e e e Moo, S -

PT13 1 S V.S

PTI4  S........ R N....S R s

PTIS  S........ G..... Voo N s - :

PTI16 S...... L.G..... Vo.o.o... I S -

PTI7  S...... R 3P s s

PTI18 S e e Vo i e e e e e S S

PTIO  Sevveeiiannenn.. Vi Nooeeeeeens s -

PT20 St SQ. v eVttt i e e e e S S

PT2I Ruvuvnninnnnn Qe e Ve e s -

PT22  S..... Voo D..... RV.KFYIR.RS.I..NC..FN.LS. S  O,rufipogon, O. nivara, O. glaberrima,

PT23 S..H..V....... D..Q...V.K.YI...S.I..NC..FN..S S O. barthii, O. glumapatula

PT24 S..H..V....... D...... V.K.YI...S.I..NC..FN..S S

PT25 S..... Voo D...... V.K.YI..... I..N...FN..S S

PT26 S..... VH...... D...... V.K.YI..... I..N...FN..S .°S

“The disease reactions for Pi-ta variants PT1, PT2, P13, PT4, PT9,

PT20, PT22, PT23, PT24, PT25, and PT26 were obtained from

two U. S. races, IB17 and IB49 of M. oryzae (WANG et al. 2008 and this study). Disease reactions for PT5, PT7, PT14, PT17,and PT18
were marked according to the previous report of HUANG ¢f al. (2008). R, resistance; S, susceptibility.

O. glaberrima, O. barthii, and O. glumaepatula (Table 1).
The -EHH test in 0. sativa revealed that the level of
regional recombination around the Pi-ta allele (Ala-
918) was lower (EHH = 0.331) than that in the allele
(Ser918) (EHH = 0.669). This result suggests that the
alaninc-918 allele was recently derived from the ances-
tral Pi-ta variants that carry serine at 918 (Figure 3).
Selection at the Pi-ta locus: Tests of neutrality were
performed for the Pita gene (coding region and
intron) using the statistics of Tajima’s D, Fu and Li’s
D¥ and F*, and Fz;y and Wu’s H,, (Table 1). The value of
Tajima’s D was -positive and deviated from ncutrality
in O. sativa (D = 1.32357); however, other valucs for Fu
and Li’s D* and F* and for Fay and Wu’s H, (D¥ =
0.21562, F* = 0.77317, Fay and Wu'’s H,, = 0.16426) were
not significantly different from the neutral model. To
determine if the statistical differences were from the

o~

population structure of the Pi-ta gene in 0. sativa,
accessions separated into four subpopulations—indica,
japonica, japonica Asian cultivars, and japonica U. S.
cultivars:—were analyzed for ncutral tests. As shown in
Table 1, all statistical values for neutral tests did not
significantly deviate from ncutrality except in U. S.
cultivars (D = 1.41409, D* = 1.53348, and I* = 1.72883,
P < 0.05), consistent with the fact that Pi-ta has been
substantially selected for preventing blast discase in the
United States. On the contrary, significant negative
values of neutrality tests in O. rufipogon suggest an excess
of rare alleles, consistent with a recent selcctive sweep
(Table 1) and with the report using different accessions
of O. rufipogon (HUANG et al. 2008). Positive values of
Tajima’s D and Fu and Li’s D* and F* were found in O.
glaberrima and its wild ancestor O. barthi, suggesting a

_balancing selecion (Table 1). However, it was not
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Ficure 3 —Comparison of the EHH of wo
core haplotypes (alanine-918 and serine-918)
in the PHaregion in O. sativa. The core was de-
fined hy a single amino acid change at the posi-
tion of 918 (serine: TCT or alanine: GCT) chat
determines the resistance specificity of Pita
The starting KHH value {for alaninc-918 s
0.331 while the EHH value is 0,669 for scrinc-
918.

IJ -=— Alanine-918 (0.331}
|
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detcrmined if il was due to selection or population
structure in both species because of sample limitation.

The level of synonymous divergence (K;) exceeded
that of nonsynonymous divergence (KX,) in all partitions
of the coding region of the Pi-la protein except the NBS
region in Q. sativaand O »ufipogon, indicating purifying
selection against amino acid substituions in most
portions of the gene (Table 3). These findings were
also confirmed in comparisons between synonymous
- nucleotide polymorphism (m,,) and nonsynonymous
nucleotide polvmorphism (7,,,,,) in O. rufipogen (Table
3). However, the Wy, Ty,a ratio was smaller than one
(Taym'Toen < 1) in the NBS in O. saffve due to the very
low polymorphism present in the species. The NBS of
the Pi-ta protein in both O. sativa and O. rufipogon
showed a greater number of interspecies nonsynony-
mous-to-synonymous substitudons (K, /K, > 1), indicat-
ing that positive directional selection has favored amino
acid substitutions in this domain (Table 3).

Nucleotide polymorphisms in genomic regions
around Pifa: We sequenced all fragments of targeted
flanking loci around Pi-ta except one locus encoding a
NBS-LRR disease resistance protein (LOC_OS12(G14350),
the RPM-1 homolog located at 8.2 Mb. The presence
and absence of the RPM-1 t}{)molog was found in both
0. sativa and O. rufipogon accessions, The absence of
the RPM-T homolog was found in two Asian cultivars,
Yashiro-mochi (japorice) and Te Qing (indica), andin all
U. 8. weedy rice carrying resistant Pitee {Table 54},

Nucleotide data sets shown in Figure 1 were aligned
for 433-659 bp of six loci in 2 Mb around Pi-fain all 159
accessions, The estimated values of nuclentide diversity
for these loci were 0-0,0039]1 in O. sative and 0.0015-
0.00508 in O. rufipagon. The levels of sequence variation
in flanking loct around Pi-fa were similar to the levels in
the Pi-ialocus found in both species (Table 4). The test
of Tajima’s 22in the region around Pi-ta in 0. safiva and
0. rufipogon revealed that wo significant pattern of

+TABLE 3

Molecular variation and selection at the Pi-ta gene in Q. sativa (indica, japonica, and weedy rice) and 0. rufipogon

Gene scgment S "-r;}'n Tr?lon ﬁrlun/‘nsyn K(Jc)b K&(Jc)b K'I/Kg
O sativa (n=113) ",
Coding i2 0.0015 0.00098 0.6h4 0.00871 0.00560 0.6435
5" coding to NBS 6 0.00305 0.00337 1.105 (1.01513 0.01034 0.683
NBS 2 0.00009 0.00003 0.295 0.00004 0.00451 102.5
NBS to LRD 0 0 0 0 0.03457 0.00571 0.107
LRD 4 0.00196 0.00063 0.319 0.00774 0.00336 0.692
0. rufipogon {n = 91)
Coding 62 0.00249 0.00166 0.668 0.00849 0.00530 0.625
5 coding to NBS 24 0.00491 0.00278 0.564 0.01211 0.00698 0.577
NBS 15 0.00101 0.00155 1.54% 0.00052 0.00484 9.341]
NBS to LRD 4 0.00401 0.00044 0.121 0.05384 0.00359 0.106
LRI} 19 (L.00174 0.00139 0.801 0.00694

0.00514 0.741

" Ty, Nucleotide diversity at synonymous site; Tyen. nucleotide diversity at nonsynonymous site.
*Jukes-Cantor (JC) corrected synonymous differences per synonymous site (K,) and nonsmonymous differences per nonsy-
nonymous site (K.} using intraspecific and interspecific compurisons using O, barthii,




TABLE 4

Molecular diversity of genomic regions around Pi-ta in 0. sativa {indice, jeponica, and weedy rice) and O. rufipogon

Tajima's D

Nucleotide polymorphism ()

11.2 11.8

10.8

Pi-ta®

10.2

9.8

9.6

.8
0.00391

10.8 11.2 1

Pi-te”

10.2

9.8
¢.00178 0.00115

(Mb) 9.6

Physical location
0. sativa
0. indica

0.91739

NA

NA

(0.92414

1.080

0.6426
—0.42536

0.17149
—0.70826

0.82595
—0.10605

0.69958
—1.51481

0.66938
—(.96803

0
0
0
0

0.6015

0.00108 0.0018

1.02022

52

0.00479

0.00213

(.0019  0.60109 0.00204 0.00218

0.13462
1.13812
—0.3066

NA

NA
—1.36029

1.05235

—0.44628
—2.57275

027501 0.44003
—0.561152

—0.45271

0.97327
—0.9337
—0.15872

0.00416

0.00047 0.00253 0.00048

0.00118 0.00148
000129  0.0004

0.001

O. japonica

0.00365
0.00358

0.00166  0.00168

Weedy rice

0.22133

0.16801

0.23998

0.0015

0.0057  0.00477  0.00301

0.00508 0.0015

O. rufipogon
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N,

“The sequence of Pi-ta including flanking region (2 kb upstream and downstream of Pita) and coding region with intron was used for nucleotide polymorphism and

Tajima’s I

selection presents around the Pi-ita locus in O. sefiva.
However, a significant negative value of Tajirna's 1) was
detected around the Pitalocusin O. ruftpogon, similar to
the resull found in the Pite gene (Table 4).

Interestingly, a 3364-bp insertion located 1012 bp
upstream of the start codon (ATG) was found only in all
accessions carrving the resistance Pi-e allele (Figure
4A). The presence of the insertion in resistant acces-
sions was verified by Southern blot analysis using a
probe derived from the 5’ region of Pi-ta (Figurc 4B).
The inserted fragment was cloned and sequenced
from the U. S cultivar, Katy (GenBank accession no.
GQUB4160). Sequences of the 3364-bp fragment were
predicted to encode a protein with 844 amino acids with
domains commeonly found in zinc fingers and transcrip-
ton factors and with domains commonly found in
hAT family dimerization (hATC) of a tansposable
element {Figure 4C). Using the rice sequence database
of Nipponbare (japonica) and 93-11 (indica), a highly
homologous sequence with the insertion was found on
chromosome 2 0f 93-11 while no homologous sequence
was found in the Nipponbare. From a Southern blot
using the probe in the insertion and PCR analysis with
primers amplifving the flanking region of the insertion,
the 3364-bp inscriion was determined on chromosome
2 in susceptible indice cultivars; however, the insertion
was on both chromoesomes 2 and 12 in resistant indica
cultivars or japonica cultivars possessing indice-derived
resistant Pi-ta (data not shown).

After surveying in the 2-Mb region around Pi-ta in
118 accessions of O. sativa, no polymorphism was de-
tected in all resistant O. safiva accessions. Six addi-
donal flanking gene fragments were sequenced in the
8-Mb region to identity polymorphisms in those acces-
sions (4 Mb upstream and 4 Mb downstream of Pi-ta).
The different sizes of the Pita introgressed block in
resistant cultivated rice were estimated by detecting
the initial breaking point of recombination surround-
ing the Piia locus. A range tfrom b ro 8 Mb of the Pita
introgression block (the average being 7 Mb) was iden-
ufied in 11 resistant cultivars {Jia et al. 2004b; WaNG
ef al. 2007). Among them, the smallest block (5.4 Mb)
was identified in Yashiro-mochi and the largest Pi-tn
introgression (>8 Mb) was found in the two Japanecse
cultivars Pi4 and Reiho whose Pita region was derived
from Tadukan. A 6.8-Mb portion of the Pi-ta region in
Tetep was identified in the U. S, culovars Katy, Drew,
Banks, and Madison (Figure 5).

DISCUSSION

In this study, we analyzed DNA sequence polymor-
phisms in and around the genomic region of Pita in
159 geographically diverse Oryza accessions composed
of scveral Oryza species to gain insight into the origin
and evolution of Pi-ta. We discovered that the extended
genomic region {>5 Mhb) surrounding resistant Pi-le
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Sizes of Pi-ta introgressions in O. sativa Asian and U. S. cultivated rice through breeding selection during domestication. The

Pita region of Tadukan, which is the major donor for Pi-ta in Asian cultivars, was used to compare the size of the introgression block with
other Piacontaining cultivars. The solid bar represents the identical sequence of Pi-taintrogressed into resistant cultivars. The shaded
bar represents sequence polymorphisms unrelated to the Pi-aintrogression that resulted from recombination events at the genomic region of
Pita. Sequence polymorphisms are marked on the breakpoint of the Pita introgression block. P/A indicates the presence and absence of

polymorphism.

was consistently maintained in resistant accessions to
M. oryzae containing AVR-Pita. Significantly, one of the
largest linkage blocks of resistant Pi-ta was identified
in backcrossing and elite rice cultivars (Jia 2009). The
identification of a large linkage block around Pi-ta
raised at least two possibilities. First, other blast R genes
in the Pi-ta region also introgressed into diverse elite
rice cultivars. Other R genes such as Pi-ta’, Pi39, and
Pi20(t) (RYBKA et al. 1997; L1u et al. 2007; L1 et al. 2008)
were also mapped at the Pi-taregion, butit was unknown
if these and/or other unknown R genes were clustered
in the Pi-taregion that have been introgressed as a large
linkage block. Second, other components for the Pi-la-
mediated resistance reside within the 5-Mb region
to form a superlocus. R-gene-mediated resistance may
involve additional R genes that may be physically linked
to provide a complete resistance to a plant pathogen. In
tomato, Prf, a NBS-LRR protein, was identified to be
involved in the Pto-mediated resistance (MUCYNA et al.
2006). In rice, at least two NBS-LRR proteins at the Pikm
and Pi5 loci have been identified as providing complete
resistance to blast (AsHIKAWA et al. 2008; LEE et al
2009). At the Pikm locus, Pikm1-TS and Pikm2-TS within

2.5 kb are required for Pikm-mediated disease resistance
(AsHIRKAWA et al. 2008). Similarly, two NBS-LRR pro-
teins within 50 kb, Pi5-1 and Pi5-2, were required for
complete resistance (LEE et al. 2009). At the Pi-talocus,
another gene Pur(t) was found to be essential for Pi-ia-
mediated resistance (Jia and MarTIN 2008). The
possible artificial selection of the large Pi-ta genomic
region has been reported for maintaining the broad
spectrum of Pi-ta-mediated blast resistance (Jia 2009).
Taken together with other studies, this study suggests
that other components such as Pir(t) or R genes for the
Pi-t-mediated resistance may occur within at least 5 Mb
of the Pi-ta region.

Simple insertion/deletion or transposon may play an
importantrole in Rgene evolution. It has been reported
that 18.8% of total R genes in Arabidopsis and 22.2%
in rice are under presence/absence polymorphism
(MEYERS et al. 2003; SHEN et al. 2006). An example of
transposon and Rgene activation was found in the Pit
gene. The insertion of a long-terminal-repeat retrotrans-
poson in the promoter of Pitwas predicted to regulate Pit
transcription and its function for resistance (HAYASHI
and YosHipa 2009). In our study, we found a transposon

FIGURE 4—Genomic organization around indica (resistant Pi-ta) and japonica (susceptible Pi-ta) cultivars. (A) Comparisons of
genomic regions around the Pi-ta locus between Nipponbare and Katy. (B) An insertion in the proximate Pi-ta promoter region
differentiates the size of hybridized bands between two susceptible cultivars (Nipponbare and M202) and six resistant cultivars (-
ta) (top). Schematic of the Pi-ta genomic region with indicated restriction enzymes (bottom). (C) The two domains (shaded)—
zinc finger in transposases and transcription factors (ZnF_TTF) and hAT family dimerization (hATC)—were identified by search-

ing the conserved domain of proteins from NCBI database.
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in the proximity of the Pita promoter in resistant
cultivars carrying Pi-ta, which was absent in accessions
without Pi-ta. This finding suggests that the transposon
may activate the Pi-temediated resistance. Further study
may lead to a better understanding of any associations of
the transposon with Pi-ta-mediated resistance.

The divergence of indica and japonica subgroups in O.
sativa was predicted to be caused by two independent
domestications from geographically divergent O. rufipo-
gon populations (LoNDpO and ScHAAL 2007). The Pi-ta
haplotypes of indica or japonica origin were identified in
this study (Figure 2). Resistant Pi-ta was found only in
indica, weedy rice, japonica cultivars carrying the indica-
derived Pi-ta region and O. rufipogon, suggesting that
resistant Pi-ta did not originate from japonica. The Pi-ta
variants in H5 and H6 were found only in japonica
accessions, while H2 and H3 were found only in indica
(Figure 2), consistent with a previous study (LonpO and
ScHAAL 2007). The Pi-ta variant containing Ala-918
(PT1) separates the resistant Pi-ta variant from other
variants in both O. sativa and O. rufipogon. This suggests
that PT1 existed before the divergence of the two
subspecies indica and japonica. The recent divergence
of resistant Pi-ta from susceptible Pi-ta has also been
proposed from the previous studies (HUANG et al. 2008;
YosHipa and MivasHiTA 2009). Most of the Pi-ta
variants possess serine at the position of 918. There
was no amino acid sequence polymorphism in the
group with PT1; however, significant amino acid poly-
morphism was identified in groups containing Ser-918,
consistent with previous reports (HUANG et al. 2008;
WANG et al. 2008; YosHIDA and Mi1vasHITA 2009). These
findings further suggest that there was recently a strong
selection constraint on the resistant Pi-ta protein (PT1),
and such pressures were not observed on other Pi-ta
protein variants.

An excess of amino acid substitutions over neutral
expectations were observed in the NBS region in both
O. sativa and O. rufipogon, indicating that positive
directional selection favored amino acid substitutions
in the domain. The NBS domain in diverse proteins with
ATP or GTP binding activity is involved in activating
the NBS-LRR protein in resistance. It has been docu-
mented that the Toll-interleukin 1 receptor region of
the Lclass of flax rust Rgenes (ELLIS et al. 1999) and the
N-terminal domain with the NBS region of tomato MI
protein (HWANG et al. 2000) are key regulators of signal
transduction of disease resistance. Our findings suggest
that the highly diversified NBS region may be important
for maintaining the integrity of the Pi-ta protein with the
LRD domain. In the LRD of the Pi-ta protein, the level
of synonymous diversity was found to exceed the level of
nonsynonymous diversity, which is suggestive of possible
purifying selection acting on this domain. The K,:K
ratio for the LRD of Pi-ta (K;:K, = 0.692-0.741) is
relatively low compared to that observed in other LRRs
(ELL1s et al. 1999; MauRiciIo et al. 2003; ROSE et al. 2004;

BAKKER et al. 2006; ORGIL et al. 2007). It is possible
that conservation of LRD in the Pi-ta protein may be
necessary for recognizing AVR-Pita for the signal trans-
duction (J1a et al. 2000). High nucleotide diversity and
a large number of AVR-Pita haplotypes were recently
identified, suggesting that AVR-Pitais under diversifying
selection (Y. Dar and Y. Jia, unpublished data). Diver-
sified selection at NBS and purifying selection against
amino acid variants in the conserved functional LRD
region may have played a major role in shaping the
molecular evolution of Pi-ta.

In conclusion, this study revealed that (1) a trans-
poson may be a part of the evolution with resistant Pi-(a,
(2) all components needed for the Pi-tamediated re-
sistance may be embedded within 5 Mb, and (3) strong
artificial selection has acted atand around resistant Pi-ta
in the modern cultivated rice O. sativa, while such
selection is absent in cultivars without resistant Pi-ta.
These findings suggest that the evolution of Pi-tais much
more complicated than previously documented. Fur-
ther studies will be necessary for a better understanding
of the molecular mechanism of Pi-ta-mediated signal
recognition and transduction pathway.
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